Although a highly effective vaccine is available, the number of yellow fever cases has increased over the past 2 decades, which highlights the pressing need for antiviral therapeutics. In a high-throughput screening campaign, we identified an acetic acid benzodiazepine (BDAA) compound which potently inhibits yellow fever virus (YFV). Interestingly, while treatment of YFV-infected cultures with 2 M BDAA reduced the virion production by greater than 2 logs, the compound was not active against 21 other viruses from 14 different viral families. Selection and genetic analysis of drug-resistant viruses revealed that replacement of the proline at amino acid 219 (P219) of the nonstructural protein 4B (NS4B) with serine, threonine, or alanine conferred YFV with resistance to BDAA without apparent loss of replication fitness in cultured mammalian cells. However, replacement of P219 with glycine conferred BDAA resistance with significant loss of replication ability. Bioinformatics analysis predicts that the P219 amino acid is localized at the endoplasmic reticulum lumen side of the fifth putative transmembrane domain of NS4B, and the mutation may render the viral protein incapable of interacting with BDAA. Our studies thus revealed an important role and the structural basis for the NS4B protein in supporting YFV replication. Moreover, in YFV-infected hamsters, oral administration of BDAA protected 90% of the animals from death, significantly reduced viral load by greater than 2 logs, and attenuated virus infection-induced liver injury and body weight loss. The encouraging preclinical results thus warrant further development of BDAA or its derivatives as antiviral agents to treat yellow fever.
Y ellow fever is a mosquito-borne hemorrhagic disease that is frequently associated with jaundice and is caused by yellow fever virus (YFV) infection (1) . Vaccination with attenuated YFV-17D vaccine is the most important measurement to prevent yellow fever. The vaccine is safe, affordable, and highly effective, and a single dose of the vaccine is sufficient to confer sustained immunity and lifelong protection against yellow fever disease (2, 3). However, the decline in herd immunity and discontinuation of mosquito control measures in many parts of Africa are considered the major causes for the resurgence of yellow fever and periodic epidemics in East and West African countries during the last 2 decades (4). In addition, recent clinical studies also showed that an activated immune microenvironment with other microbial infections prior to vaccination impeded efficacy of the YFV-17D vaccine in an African cohort, suggesting that vaccine regimens may need to be boosted in African populations to achieve efficient protective immunity (5) (6) (7) . It has been estimated that up to 1.7 million YFV infections may occur in Africa each year, resulting in 29,000 to 60,000 deaths (8, 9) (http://www.who .int/csr/disease/yellowfev/yellowfeverburdenestimation _summary2013.pdf). Once an outbreak starts, vaccination is less effective, and other intervention strategies, such as antiviral ther-apies, are needed. However, there are no specific antiviral therapeutics to treat the life-threatening disease, and development of antiviral agents that inhibit YFV replication would meet a pressing medical need (8) .
YFV is the prototypic member of the Flavivirus genus in the family Flaviviridae (10) . The virus has a single-stranded, positivesense, approximately 11-kb RNA genome. The viral genomic RNA contains a single open reading frame that encodes a long polyprotein flanked by 5=-and 3=-untranslated regions (UTR) harboring essential cis-elements for regulation of viral protein translation and RNA replication. The viral polyprotein is cotranslationally and posttranslationally processed into three structural and seven nonstructural (NS) proteins by host cellular and viral proteases. While the three structural proteins, capsid (C), premembrane (prM), and envelope (E), are involved in virion assembly and infectious entry into host cells, the seven NS proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5, form membrane-bound replication complexes for replication of the viral RNA genome. Specifically, the three small hydrophobic proteins NS2A, NS4A, and NS4B anchor the viral replication complex to the endoplasmic reticulum (ER) membrane, and the NS5 protein functions as a methyltransferase and RNA-dependent RNA polymerase to catalyze viral RNA synthesis and facilitate viral RNA translation (11) . In addition to their distinct roles in viral replication, viral proteins are also involved in activation and/or evasion of host innate and adaptive immune responses and thus play important roles in pathogenesis (12) (13) (14) .
In the last decades, tremendous industrial and academic efforts have been made in discovery and development of antiviral agents against flaviviruses, most notably for dengue viruses (DENV) (15, 16) . These efforts have resulted in identification of a variety of small molecules that inhibit viral replication through targeting distinct viral and host cellular functions (17) (18) (19) . Small molecules that specifically target viral capsid assembly (20) , NS3/2A proteases (21) (22) (23) , NS3 RNA helicase (24) , NS4B protein (25, 26) , NS5 methyltransferase (27) , and RNA-dependent RNA polymerase (28, 29) have been discovered, and the in vivo antiviral efficacies for four of these direct-acting antiviral (DAA) agents have been demonstrated in animal models (24, (30) (31) (32) ; however, none of them has reached human clinical trials. Balapiravir, a tri-isobutyrate ester prodrug of 4=-azidocytidine (R1479) that was originally developed for treatment of chronic hepatitis C virus (HCV) infection by Hoffmann-La Roche, is active against DENV in cultured cells. However, a phase II clinical trial of Balapiravir for treatment of dengue fever failed to improve the clinical and virological parameters in patients (33) , most likely due to a DENVinduced cytokine response that decreased the efficiency of conversion of R1479 to its triphosphate form in mononuclear cells (34) .
Compared to dengue virus and other flaviviruses, development of antiviral agents against YFV has been less robust, perhaps because of the availability of an effective vaccine and the difficulty of conducting clinical trials during sporadic outbreaks of yellow fever. Thus far, alpha interferon (IFN-␣) and a few broad-spectrum antiviral nucleoside analogues, including ribavirin, T-705, and BCX4430, have been demonstrated to inhibit YFV replication in vivo in hamsters (35) (36) (37) (38) (39) . In addition, a high-throughput screening effort using a subgenomic replicon cell-based phenotypic assay identified two small molecular compounds that inhibited YFV, and their resistance mutation was mapped to the NS4B gene (40) . However, the antiviral efficacies of these compounds in vivo in animal models have not been reported.
In a high-throughput screening with a HEK293 cell-based IFN-␤ promoter reporter assay, we identified a benzodiazepine compound that potently inhibits YFV. Selection and genetic analysis of drug-resistant viruses revealed that replacement of the proline at amino acid 219 of the NS4B protein with serine conferred YFV resistance to the compound. Pharmacological studies showed that the compound was well-tolerated in mice and hamsters, and oral administration of the compound protected 90% of YFV-infected hamsters from death, significantly reduced the viral load, and normalized liver function. The results thus strongly support the further development of the benzodiazepine compound or its derivatives as yellow fever therapeutics.
MATERIALS AND METHODS
Cell lines, virus stocks, and compounds. Huh7.5 (human hepatoma cells; a gift of Charles M. Rice, Rockefeller University), HEK293 (human embryonic kidney cells; ATCC), and Vero (green monkey kidney cells; ATCC) cells were maintained in Dulbecco's modified minimal essential medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum at 37°C (41) . The C6/C36 mosquito cell line was purchased from ATCC and maintained in Eagle's minimum essential medium (EMEM) supplemented with 10% fetal bovine serum at 28°C.
A plasmid containing the YFV 17D complete genomic cDNA, pACNR/FLYF-17Dx, was a gift of Charles M. Rice (42, 43) . YFV 17D virus stock was produced by electroporation of Huh7.5 cells with in vitro-transcribed RNA from pACNR/FLYF-17Dx (44) . The medium was harvested at 48 h posttransfection, clarified by low-speed centrifugation, and stored at Ϫ80°C until use. The virus titers were determined by a plaque assay on Vero cells as described previously (45) .
BDAA and its enantiomers were synthesized in-house with greater than 95% purity. Scale-up synthesis of BDAA for animal efficacy studies was done by SRI International via the NIAID Preclinical Service Program. Clinical psychoactive benzodiazepines (alprazolam, estazolam, nordiazepam, temazepam, prazepam, and lorazepam) were obtained from a certified reference material provider (Cerilliant). Ribavirin was obtained from ICN Pharmaceuticals, Inc. For in vivo studies, BDAA was prepared in a solution of Solutol HS15 (Sigma-Aldrich) and methyl-2-pyrrolidinone (NMP; Sigma-Aldrich) in a 1:1 (wt/vol) ratio. Ribavirin was prepared in sterile saline.
In-Cell Western assay. An In-Cell Western assay to simultaneously detect YFV envelope protein and cell viability was performed essentially as described previously (46) . Briefly, Huh7.5 cells in a 96-well plate were infected with YFV at a multiplicity of infection (MOI) of 0.1 and either mock treated (1% dimethyl sulfoxide [DMSO]) or treated with a serial dilution of BDAA for 48 h. Cells were fixed and incubated with a mouse monoclonal antibody against flavivirus envelope proteins (4G2; Millipore), followed by incubation with anti-mouse IRDye 800CW-labeled secondary antibody together with two reagents for cell staining (DRAQ5 [Biostatus] and Sapphire700 [LI-COR]). YFV envelope protein expression and cell viability were visualized by using the LI-COR Odyssey system.
qRT-PCR. Total cellular RNA was extracted from Huh7.5 or C6/C36 cells at 2 days postinfection (dpi) with YFV at the indicated MOI by using the NucleoSpin 96 RNA kit (Macherey-Nagel). The amounts of YFV RNA were determined in a quantitative one-step reverse transcription-PCR (qRT-PCR) assay by using a LightCycler 480II apparatus (Roche) and the primers 5=-ATGCTGTCCCTTTTGGTTTG-3= and 5=-GCCACTGTGAG TTTCAGCAA-3=. ␤-Actin mRNA was quantified with the primers 5=-CCAACCGCGAGAAGATGA-3= and 5=-CCAGAGGCGTACAGGGA TAG-3= to normalize the levels of viral RNA in Huh7.5 cells. Aedes albopictus S7 ribosomal mRNA was quantified with the primers 5=-GTCCACGATC CCGCACTCT-3= and 5=-GTGGTCTGCTGGTTCTTGTCC-3= to normalize the levels of viral RNA in C6/C36 cells.
Virus yield reduction assay. Monolayers of Vero or Huh7.5 cells in 24-well plates were infected for 1 h with serial 10-fold dilutions of the culture medium harvested from YFV-infected cells with or without treatment, followed by overlay with medium containing 0.75% methylcellulose and incubation at 37°C for 3 to 5 days. Plaques were counted after crystal violet staining (47) .
Cytotoxicity assay. To determine the cytotoxicity of compounds, a 3-(4,5-dimethylthiazol)-2-(4-sulfophenyl)-2H-tetrazolium (MTT) assay (Sigma) was performed. Uninfected Huh7.5 cells were mock treated or treated with the indicated concentrations of testing compounds under conditions that were identical to those used for the antiviral assays. The dose-dependency curves were generated to determine the inhibitory concentration required to inhibit cell viability by 50% (CC 50 ) by using Prism 5 (GraphPad Software, Inc.).
Selection and sequence analysis of resistant viruses. The YFV 17D strain rescued from an infectious cDNA clone was used to infect Huh7.5 cells. Drug-resistant viruses were selected by multiple rounds of passaging of the viruses in cultures treated with increasing concentrations of BDAA. Briefly, Huh7.5 cells grown in a 12-well plate were infected either with wild-type YFV 17D at an MOI of 0.1 or in medium from a previous passage that contained virus and the compound. After incubation at 37°C for 1 h, the inocula were removed and replaced with fresh medium containing BDAA. For each passage, the cell culture was incubated for 3 days, during which time the cytopathic effect (CPE) was monitored as one of the readouts for the development of resistance. The viruses were passaged 6 times in the presence of 3 M BDAA, followed by passage 6 times in the presence of 6 M BDAA and 6 times in the presence of 8 M BDAA. As a control, wild-type YFV 17D was passaged in the presence of 0.5% DMSO in parallel. The viruses in the supernatants of the 12th passage in the presence of 6 M BDAA and 18th passage in the presence of 8 M BDAA were evaluated for compound sensitivity in a yield reduction assay. To map drug resistance mutations, virus in the 18th passage was used to infect Huh7.5 cells. Total cellular RNAs were extracted on day 3 postinfection. YFV cDNA was synthesized and amplified by RT-PCR. Purified PCR products were used for direct DNA sequencing (Genewiz). Mutations were identified by sequence alignment with parental YFV 17D cDNA.
Recombinant virus cDNA construction. To construct full-length YFV 17D cDNA clones containing the desired NS4B P219 mutations, 995-bp fragments flanking the NS4B P219 site with the desired nucleotide substitutions to confer P219S, P219T, P219A, or P219G mutations were synthesized and confirmed by DNA sequencing (GenScript). The corresponding fragment in pACNR/FLYF-17Dx was then replaced with the synthesized fragments to yield plasmids containing full-length YFV 17D cDNA clones with the desired point mutations. Mutant viruses were rescued by electroporation of Huh7.5 cells with in vitro-transcribed RNA from each of the recombinant YFV cDNA clones. The medium and cells were harvested at 4 to 6 days posttransfection. Virus titers were determined by a plaque assay in Vero or Huh7.5 cells.
Benzodiazepine receptor binding assay. The binding activities of BDAA to benzodiazepine receptors were assessed in a radioactive-labeled ligand competition binding assay (48, 49) . The central nervous system benzodiazepine receptor (GABA A R) was prepared from rat cerebral cortex, and the peripheral nervous system benzodiazepine receptor (PBR) was prepared from rat heart. [ 3 H]flunitrazepam and [ 3 H]PK11195 were used as the labeled agonists, and diazepam and unlabeled PK11195 were used as reference agonists for the central nervous system and peripheral nervous system benzodiazepine receptor binding assays, respectively. The bound and unbound labeled ligands were separated by centrifugation, and bound labeled ligands were quantified by scintillation counting.
Pharmacokinetics of BDAA. Single-dose pharmacokinetics (PK) studies were performed for BDAA in mice. Intravenous (i.v.), oral (per os [p.o.]), intramuscular (i.m.), or intraperitoneal (i.p.) administration routes were included with dose levels of either 2 mg/kg of body weight (i.v.) or 10 mg/kg for all other routes (IAS, Berkeley, CA). Following each administration, at various time points postadministration blood samples were collected to determine the plasma concentration of the test compound. Three female CD-1 mice per time point were used. The singlecompartment PK parameters were calculated using PK functions within Excel.
In vivo toxicity analysis in mice and hamsters. A repeated-dose oral study and i.p. maximum tolerated dose (MTD) study (MB Research Laboratories, Spinnerstown, PA) for BDAA were performed in CD-1 mice at 5, 10, 25, 50, and 100 mg/kg every 8 h for 7 days. Each treatment group included three mice. The animals were observed once daily for mortality and body weight changes as well as any sign of illness.
A repeated-dose oral MTD study for BDAA was performed in female Syrian golden hamsters at 50, 100, and 150 mg/kg twice daily for 7 days. Each treatment group included 5 animals. The animals were observed once daily for mortality and body weight changes as well as any sign of illness.
Antiviral efficacy in YFV-infected hamsters. The in vivo efficacy experiments were performed using lethal YFV infection of hamsters as reported previously (36, 37) . Female Syrian golden hamsters (Charles River Laboratories) with an average weight of 110 g were used after a quarantine period of greater than 48 h. Randomly grouped animals were infected with Jimenez, a hamster-adapted YFV strain, via i.p. inoculation, at 10 50% tissue culture infective doses (TCID 50 )/animal. The infected hamsters (n ϭ 10 per group) were treated twice daily with 100 mg/kg, 50 mg/kg, or 25 mg/kg of BDAA for 7 days beginning at 4 h prior to infection via oral administration. Ribavirin was included as a positive control and was administered orally at 25 mg/kg with the same treatment schedule. A placebo-treated infection control group was included, and these animals were treated with the same vehicle used for BDAA. Sham-infected controls (n ϭ 5 per group) were either treated with the highest dose of BDAA using the same schedule and route of administration to monitor for signs of toxicity, and negative controls were treated with vehicle. Uninfected and untreated normal controls (n ϭ 5) were also included as controls for weight changes and mortality. The survival rate was observed until day 21 postinfection. Body weights were measured on 3 and 6 days postinfection. Serum was collected via ocular sinus bleed on 4 and 6 days postinfection. An alanine aminotransferase (ALT) assay was performed with serum samples obtained 6 days postinfection and added into a commercial reagent (Teco Diagonostic, Anaheim, CA). The virus titers were determined using serum samples from 4 days postinfection in a CPE-based infectious cell culture assay in Vero 76 cells to calculate the endpoint of infection (35) .
Ethics statement. The in vivo efficacy study, including veterinary care and experimental procedures, was reviewed and approved by the Institutional Animal Care and Use Committee of Utah State University (identification number 2400). The study was carried out in accordance with the recommendations and guidelines of the National Institutes of Health for the care and use of laboratory animals.
Statistical analyses. In the in vivo efficacy study, survival data were analyzed using the Wilcoxon log-rank survival analysis, and all other statistical analyses were performed using a one-way analysis of variance (ANOVA) with a Bonferroni group comparison (Prism 5; GraphPad Software, Inc.).
RESULTS

Discovery of a benzodiazepine compound that specifically inhibits YFV.
We reported previously that infection of a HEK293 cell-based reporter cell line expressing firefly luciferase under the control of a human IFN-␤ promoter with several RNA viruses, including DENV and YFV, activated reporter gene expression that correlated quantitatively with the levels of virus replication and progeny virus production. This assay had been used for highthroughput screening of compounds that inhibited either viral replication or the virus-induced proinflammatory cytokine response (45) . Through screening of an in-house small-molecule library, we identified a benzodiazepine compound, 2-
(1,4)diazepin-1-ylacetic acid, designated BDAA ( Fig. 1A) , that inhibited DENV serotype 2 (DENV-2) and YFV infection. Its antiviral activity against YFV was demonstrated in three independent assays in human hepatoma cell line Huh7.5. As shown in Fig. 1B to D, BDAA caused dose-dependent inhibition of YFV envelope protein expression, RNA replication, and progeny virion production, as demonstrated in In-Cell Western, qRT-PCR, and plaque assays, respectively. The 50% effective concentrations (EC 50 s) of the compound in the three assays were between 0.21 and 0.9 M.
Moreover, treatment of YFV-infected cultures with 2 or 10 M BDAA reduced progeny virion production by Ͼ2 to 4 logs. Cytotoxicity of the compounds was determined in an MTT assay in Huh7.5 cells, and CC 50 values were greater than 100 M. In addition to Huh7.5 cells, similar antiviral results against YFV were also obtained in HEK293 and Vero cells in a qRT-PCR assay ( Table 1) . Investigation of the antiviral spectrum through the National In-stitutes of Health (NIH) in vitro antiviral screening program showed that BDAA is a potent YFV inhibitor which inhibited YFV-induced CPE, with an EC 50 of 0.05 M, and reduced YFV yields, with an EC 90 of 0.03 M in Vero cells. In addition, BDAA also modestly reduced DENV-2 yield, with an EC 90 of 8.6 M. However, the compound did not apparently inhibit the infection/ replication of 21 other viruses from 14 different virus families, including four additional representative human-pathogenic flaviviruses ( Table 1 ). The narrow antiviral spectrum suggests that BDAA most likely targets a YFV-specific function.
Antiviral activity of BDAA enantiomers against YFV. BDAA is a benzodiazepine compound with two chiral centers. We therefore synthesized and compared the antiviral activity of the four enantiomers against YFV ( Fig. 2A ). As shown in Fig. 2B , the rank order of the potency of the enantiomers to inhibit YFV RNA replication in Huh7.5 cells was (S,S) Ͼ (S,R) Ͼ (R,S) Ͼ (R,R), with EC 50 s of 0.2, 0.5, 2.4, and Ͼ10 M, respectively. We note that the BDAA compound in our chemical library is an (S,S) enantiomer. These results suggest a critical role of the S chiral configuration at the alpha carbon atom in inhibition of YFV replication and establish a basis for further lead optimization efforts toward identification of benzodiazepine derivatives with superior pharmacological properties and antiviral activities against YFV.
Antiviral and benzodiazepine receptor binding activities depend on distinct structural features. Benzodiazepines are the most common antianxiety drugs administered around the world (50) . This class of drugs works by allosterically modulating the binding of the neurotransmitter gamma-aminobutyric acid (GABA) to the GABA A receptor (GABA A R), an ionotropic receptor and ligand-gated ion channel, which results in sedative, hypnotic (sleep-inducing), anxiolytic (antianxiety), anticonvulsant, muscle relaxant, and other pharmacological properties (51) . Benzodiazepine drugs can also interact with peripheral benzodiazepine receptors (PBR), which are structurally unrelated to GABA A R and are present in the peripheral nervous system and other tissues. Binding of benzodiazepines to PBRs modulates immune responses and other host functions (52) .
Benzodiazepine is a chemical name for compounds with a core structure of fused benzene and diazepine rings. Benzodiazepine drugs are substituted 1,4-benzodiazepines with different side groups attached to this core structure. The different side groups affect the binding of the molecule to GABA A R and thus modulate the pharmacological properties. Interestingly, BDAA is structurally similar to benzodiazepine drugs used in the clinic. Therefore, it is very important to know whether BDAA binds GABA A R and/or peripheral benzodiazepine receptors. Obviously, our goal is to develop benzodiazepines with potent anti-YFV activity, but without psychiatric or other pharmacological/toxicological activities. Accordingly, the goals of our lead optimization efforts are not only to improve the antiviral activity, but also, more importantly, to focus on identifying lead compounds with favorable pharmacological properties and without GABA A R and/or PBR binding activities.
To investigate the structure-activity relationship (SAR) of benzodiazepines in antiviral and receptor binding activities, we first tested six representative clinical psychoactive benzodiazepine drugs (B) Huh7.5 cells seeded in 96-well plates were infected with YFV strain 17D at an MOI of 0.1 for 1 h, followed by treatment with the indicated concentrations of BDAA for 48 h. YFV E protein was visualized by In-Cell immunostaining (green). Cell viability was determined using DRAQ 5 and Sapphire 700 stains (red). (C and D) Huh7.5 cells seeded in 96-well plates were infected with YFV at an MOI of 0.01 for 1 h, followed by treatment with the indicated concentrations of BDAA for 48 h. Total intracellular RNAs were extracted to determine the amount of YFV RNA by qRT-PCR. YFV RNAs were normalized to ␤-actin mRNA and presented as the percentage of mock treated control (C). Data represented the mean results from four independent replicates (Ϯ standard deviations). Culture media were harvested from infected cells treated with various concentrations of BDAA to determine the virus titer in a plaque assay in Vero cells (D). Values represent average results from a triplicate experiment (Ϯ standard deviations). EC 50 , EC 90 , and CC 50 values were calculated using Prism 5 (GraphPad Software, Inc.).
Next, we tested if BDAA competitively inhibited the binding of [ 3 H]flunitrazepam and [ 3 H]PK11195, representative benzodiazepine drugs, to their cognate receptors, GABA A R and PBR, respectively. In this assay, an inhibition of more than 50% of the labeled ligand binding by a test compound indicates a strong benzodiazepine receptor binding activity. On the contrary, an inhibition of less than 20% of the labeled ligand binding is interpreted as no specific binding activity of the test compound. As shown in Fig.  3C , while 0.3 M diazepam and PK11195 completely inhibited the labeled ligands binding to GABA A R and PBR, respectively, 10 M BDAA reduced the labeled ligand binding to their cognate receptors by less than 15%. The results thus indicate that the anti-YFV and psychiatric activities of benzodiazepines rely on distinct structural features, and development of benzodiazepine anti-YFV drugs without psychiatric activities is possible.
BDAA does not inhibit the early steps of YFV replication. As the first step toward understanding the antiviral mechanism of BDAA, we performed a time-of-addition experiment to map the viral replication step(s) inhibited by the compound during a synchronized YFV infection of Huh7.5 cells. As shown in Fig. 4A , pretreatment as well as treatment of Huh7.5 cells during the virus inoculation period did not inhibit YFV infection, as indicated by a normal onset of viral RNA replication in the infected cultures. Those results imply that the compound neither inactivates the infectivity of YFV nor inhibits the infectious entry of YFV. Interestingly, addition of BDAA as late as 12 h postinfection was still able to potently inhibit viral RNA replication, and treatment start-ing at 24 h postinhibition reduced viral RNA by approximately 40%. A similar result was obtained in a parallel study that measured the YFV titers in the culture medium (Fig. 4B) . These observations indicated that BDAA most likely inhibits a postentry step of YFV replication.
Selection and genetic analysis of BDAA-resistant YFV. In order to determine the viral target of BDAA, we selected drug-resistant YFV strains via a procedure depicted in Fig. 5A . Briefly, Huh7.5 cells were infected by YFV 17D and cultured in the presence of the indicated concentrations of BDAA. After 3 days, culture medium was harvested and inoculated into a fresh Huh7.5 culture in the presence of BDAA. Extensive CPE was observed at passage 18 in cells treated with 8 M BDAA, suggesting the outgrowth of BDAA-resistant YFV. Resistance of the selected YFV strain to BDAA was validated in Huh7.5 cells with a virus yield reduction assay. As shown in Fig. 5B , BDAA reduced the yield of parental YFV 17D, with an EC 50 of 0.1 M, but reduced the yield of BDAA-selected YFV, with an EC 50 of 3.2 M. More strikingly, the EC 90 s of BDAA to reduce the yields of wild-type (WT) YFV 17D and BDAA-selected YFV were 0.9 and 28.5 M, respectively, suggesting successful selection of highly BDAA-resistant YFV.
In order to map the BDAA resistance mutations, six overlapped cDNA segments covering the entire genomic RNA of the drug-resistant YFV as well as parental YFV 17D were amplified by RT-PCR. The PCR products were subjected for direct DNA sequencing. Sequence alignments between the parental and drugresistant viruses revealed only a single-nucleotide mutation, from C to U, at nucleotide 7423 in BDAA-resistant YFV, which resulted in the replacement of proline at amino acid 219 (P219) of the NS4B protein with a serine (Fig. 5C ). Sequence alignment of NS4B indicated that P219 is absolutely conserved in all the 38 full-length YFV sequences deposited in GenBank, but it is replaced with a threonine at the position in DENV, West Nile virus (WNV), and Japanese Encephalitis virus (JEV) or with a serine in Zika virus (ZIKV). Such a difference may account for the selective inhibition of BDAA for YFV but not other flaviviruses. The flaviviral NS4B are integral membrane proteins and are primarily localized in cytoplasmic foci originating from the endoplasmic reticulum (ER) (53) . Studies of DENV NS4B suggest that the protein is an essential component of the viral RNA replication complex (54) . It has also been demonstrated that the DENV NS4B protein antagonizes the virus-induced type I interferon response and may thus play a role in viral pathogenesis (55) . Bioinformatics analysis predicts that the YFV NS4B protein contains five putative intra-or transmembrane domains (pTMD1 to pTMD5), with a membrane topology in which the N-terminal part resides in the ER lumen, while the C-terminal part is composed of three transmembrane domains with the C-terminal tail localized in the cytoplasm. This model is generally consistent with experimentally de-termined topology of the DENV NS4B protein (53) . P219 resides at the N terminus of the fifth putative transmembrane domain, pTMD5 (Fig. 5C ).
Effects of P219 substitutions on YFV replication and resistance.
To confirm that P219S mutation does confer BDAA resistance and to investigate the role of P219 in NS4B function and BDAA inhibition of YFV replication, we produced YFV 17D viruses with a P219S, P219T, P219A, or P219G mutation by engineering the desired mutations in the infectious YFV 17D cDNA clone and rescuing the mutant viruses by transfection of in vitrotranscribed RNA into Huh7.5 cells. While parental YFV 17D, P219S, or P219T RNA induced CPE at day 4 posttransfection, P219G and P219A RNA caused CPE at day 5 and 6 posttransfection, respectively. At the day of CPE appearance, culture media were harvested. The cells were lysed in serum-free DMEM by three freeze-thaw cycles. The cell lysates were cleared by centrifugation at 1,000 ϫ g and 4°C for 10 min. The virus titers in culture media were determined in Vero cells via a plaque assay. While the parental YFV 17D, P219S, P219T, and P219A RNA-transfected cells produced similar amounts of viruses, ranging from 8 ϫ 10 4 to 1.2 ϫ 10 5 PFU/ml, and caused similar sizes of plaques in Vero cell monolayers, no infectious virus could be detected from the cul- ture medium of P219G RNA-transfected cells. We then compared the yields of cell-free (medium) and cell-associated (lysate) viruses between YFV 17D and P219G RNA-transfected cells in a plaque assay in Huh7.5 cell monolayers. We found that while the yields of cell-associated viruses were similar between YFV 17D and P219G RNA-transfected cells, P219G RNA-transfected cells produced approximately 60-fold less cell-free viruses than did YFV 17D RNA-transfected cells. Moreover, P219G virus produced smaller plaques. These results indicated that the NS4B P219G mutation may compromise virus replication and/or secretion of infectious virions.
To investigate the biological properties of the mutant viruses, we first examined the cell-free viruses rescued from Huh7.5 cells transfected with parental YFV 17D, P219S, P219T, or P219A RNA. Infection of the three mutant viruses caused an accumulation of viral RNA and produced infectious virions with similar kinetics in Huh7.5 cells as did parental YFV 17D ( Fig. 6A and B) . We next determined the sensitivity of the three mutant viruses to BDAA. As shown in Fig. 6C and D, while BDAA efficiently inhibited wildtype YFV 17D RNA replication and reduced viral yields, all three mutant viruses were resistant to BDAA, and the P219S mutant virus demonstrated the highest level of resistance to BDAA inhibition of viral RNA replication and infectious virion production.
In order to determine the effects of the P219G substitution on viral replication and virion secretion, we first infected Huh7.5 cells with cell-associated viruses harvested from YFV 17D and P219G RNA-transfected Huh7.5 cells to compare the kinetics of viral RNA replication (Fig. 7A ) and production of cell-associated ( Fig.  7B) and secreted (Fig. 7C) viruses. The results clearly demonstrated that the P219G mutant YFV has approximately 10-fold lower viral RNA replication as well as production of both cellassociated and cell-free viruses, suggesting that the mutation com- promises viral RNA replication but does not directly affect virion assembly and secretion. Moreover, despite lower replication and progeny virion production, the P219G virus is highly resistant to BDAA in Huh7.5 cells ( Fig. 7D and E) .
The antiviral effect of BDAA against wild-type 17D and mutant recombinant YFV was further tested in the mosquito cell line C6/ C36. Figure 8 shows that the resistance profile in C6/C36 cells was similar to that in Huh7.5 cells. While BDAA efficiently inhibited wild-type YFV 17D RNA replication, with an EC 50 of 0.08 M, all three mutant viruses were resistant to BDAA, with EC 50 s ranging from 0.4 to 4.7 M, among which the P219S mutant virus demonstrated the highest level of resistance to BDAA inhibition.
Taken together, our results imply that while proline 219 is critical to confer sensitivity to BDAA, it is not essential for YFV replication, because it can be replaced with amino acids containing a small nonpolar hydrophobic side chain (A) or polar uncharged side chain (S or T) without apparent loss of replication fitness in both human and mosquito cells. Mechanistically, the similar resistant profiles of NS4B mutants in both the human and mosquito cells imply that the amino acid P219 residues may mediate the direct binding of BDAA to the YFV NS4B protein. Nevertheless, the high conservation of P219 in all the clinical/field YFV isolates suggests that P219 is important for viral replication fitness in human and mosquitoes and thus favors the development of BDAA or its derivatives as antiviral agents for the treatment of yellow fever.
Evaluation of pharmacological and toxicological properties of BDAA. In order to determine the dosing schedule and route of administration for the in vivo antiviral efficacy study in animals, we first determined the pharmacokinetics of BDAA in mice. A single dose of BDAA was administered i.v., p.o., s.c., i.m., or i.p. routes, and blood samples were obtained at various time points postadministration to determine the plasma drug concentrations. The pharmacokinetic studies of BDAA indicated that BDAA demonstrated good oral bioavailability (35%) and good retention of drug. For instance, at 8 h post-oral administration of 10 mg/kg BDAA, the plasma concentration of BDAA was maintained above 0.2 M. Assuming a linear relationship was maintained with increased dosages, at a dose of 50 mg/kg, BDAA could be maintained in the plasma at the level that is above the EC 90 for inhibition of YFV in culture, for at least 8 h post-single oral dosing (data not shown).
In order to find the MTD of BDAA in animals, a repeated-dose oral and i.p. MTD study was performed in mice. The results showed that oral administration of BDAA at the highest dose tested (100 mg/kg three times daily for 7 days) was very well tolerated. However, administration of BDAA with a dosing schedule of 100 mg/kg three times daily via the i.p. route caused significant toxicity to all the animals, which were euthanized on day 4 or 5. A repeated-dose oral MTD study was also performed in hamsters and showed that BDAA was well tolerated at the highest dose tested (150 mg/kg twice daily for 7 days).
Antiviral efficacy of BDAA in YFV-infected hamsters. The above in vivo toxicology studies showed that BDAA is better tolerated with oral administration. The highest equilibrium solubility of BDAA in solutol:cremaphore:saline diluent was 100 mg/ml. Due to its relatively low aqueous solubility, it was difficult to keep BDAA in solution in order to dose the animals at the 150-mg/kg dose. Hence, a 100-mg/kg/dose level was selected as the highest dose for the efficacy study. Grouping and treatment schedules for YFV-infected hamsters are described in the legend of Fig. 9 . The infected animal survival rate, body weight changes between 3 to 6 dpi, levels of serum ALT at 6 dpi, and also virus titers at 4 dpi in serum were measured to determine the activities of the test compound in suppressing viral replication and improving viral disease management.
As shown in Fig. 9A , improvement of YFV-infected animal survival was observed in groups treated with 100 mg/kg or 50 mg/kg of BDAA twice daily orally, although this was only statistically significant (P Ͻ 0.05 [compared with the placebo control group]) for the group treated with 50 mg/kg of BDAA. This was likely due to the relatively higher survival rate in the placebotreated group. Both of these two dosing groups performed slightly better than the ribavirin-treated controls (70% survival). The lowest dose of 25 mg/kg BDAA twice daily resulted in a survival curve that was similar to that for placebo treatment.
Comparing the weight changes between 3 and 6 dpi among the treatment groups, significant improvements in animals treated with either 100 or 50 mg/kg (P Ͻ 0.01 and P Ͻ 0.05, respectively) were observed. However, treatment with 25 mg/kg of BDAA resulted in a weight change curve similar to that for the placebo control group. The weight change curve of animals treated with ribavirin was similar to that of normal control animals and was significantly improved compared with placebo (P Ͻ 0.001) ( Fig. 9B ).
Serum levels of ALT, a biomarker for hepatocyte injury, at 6 dpi were significantly reduced in animals treated with 100 mg/kg of BDAA (P Ͻ 0.01). A trend toward reduced ALT was also observed in the 50-mg/kg/dose group, although this reduction was not significant. As with survival and weight change, serum ALT levels in animals treated with 25 mg/kg of BDAA were similar to those in placebo-treated animals, further confirming the inactivity of the compound at this dose. Ribavirin treatment also significantly reduced serum ALT, as expected (P Ͻ 0.001) ( Fig. 9C ).
Finally, dosing with 100 mg/kg of BDAA beginning just prior to virus challenge resulted in an approximate 2-log 10 reduction in average virus titer in serum at 4 dpi compared with placebo treatment, which was statistically significant (P Ͻ 0.001). A reduction in virus titer was also observed in animals treated with 50 mg/kg of BDAA (P Ͻ 0.05) or in those treated with ribavirin (P Ͻ 0.01) (Fig. 9D) .
In the efficacy studies, sham-infected animals were also included as controls. In sham-infected animals, treatment with 100 mg/kg BDAA twice daily for 7 days did not produce any signs of toxicity, as judged by weight changes and ALT levels, compared with placebo-treated animals and normal animals without sham infection or treatment.
DISCUSSION
We report herein the discovery of a benzodiazepine compound, BDAA, that potently inhibits YFV replication by specifically targeting NS4B protein. Because benzodiazepines are well-known as antianxiety drugs that bind GABA A receptor and PBRs, intensive attention has been paid to the potential neurologic and psychiatric activities of BDAA in our studies. Fortunately, we obtained several lines of evidence suggesting that the anti-YFV and psychiatric activities of benzodiazepines rely on distinct structural features. Spe-cifically, while all six psychoactive benzodiazepine drugs do not inhibit YFV replication, BDAA had negligible GABA A R and PBR binding activities ( Fig. 3 ). Furthermore, in our repeated-dose maximum tolerated dose studies, central nervous system effects, including tremors and convulsions, changes in the level of activity, gait, and posture, reactivity to handling or sensory stimuli, altered strength, and stereotypic or bizarre behavior (e.g., self-mutilation, walking backwards), were not observed in all the BDAA-treated mice. In addition, compounds with the benzodiazepine scaffold have been reported to have antiviral activities against respiratory syncytial virus (56), hepatitis B virus (57) , filoviruses (58) , and human immunodeficiency virus (59) . Hence, development of benzodiazepine derivatives with potent anti-YFV activity, but without psychiatric side effects, is plausible.
Concerning the antiviral mechanism of BDAA, a single amino acid substitution in NS4B, P219S, was identified to confer YFV resistance to BDAA. NS4B is a nonenzymatic integral membrane protein (53) . Flaviviral NS4B proteins participate in viral RNA replication and evasion of host innate immune response (55) . The critical roles of this protein in viral replication and pathogenesis are well illustrated by the fact that many cell culture and animal adaptive mutations map to NS4B (60) . Although the exact functional involvement of flavivirus NS4B in the viral replication cycle and the molecular mechanism to evade host innate immunity remain to be determined, prior studies have already demonstrated that NS4B dimerization and interaction with other viral nonstructural proteins, including NS1, NS2A, NS3, and NS4A, as well as many host cellular proteins, are important for its function in viral RNA replication and antagonism of the immune response (14, 31, 61, 62) . It is thus conceivable that blocking the NS4B protein interaction with other viral and host cellular proteins could lead to direct inhibition of viral RNA replication or, alternatively, could act through activation of the host innate antiviral response to restrict viral replication.
Interestingly, several structurally distinct compounds have been identified that inhibit DENV or YFV replication through targeting NS4B (40, (63) (64) (65) (66) (67) . In addition, multiple inhibitors of the NS4B protein of hepatitis C virus, a distantly related member of the Flaviviridae family, are currently under preclinical and clinical development for treatment of hepatitis C infection (68) . Intriguingly, as summarized in Fig. 10 , except for F164L, which confers DENV resistance to SDM25N and AM404 and localizes at the cytosolic loop between TMD3 and TMD4 (65, 67) , all other drug resistance mutations are mapped in the transmembrane domains. Furthermore, except for DENV V63 and YFV P219 mutations, which specifically confer resistance to spiropyrazolopyridone compound-14a and BDAA, respectively, all other DENV and YFV drug resistance mutations identified thus far confer resistance to multiple drugs (25) . Particularly, while each of the DENV P104, A119, and F164 mutations confers resistance to AM404 and/or SDM25N (65, 67) , the DENV T108 mutation confers resistance to AZD0530 and dasatinib, which disrupt DENV RNA replication by inhibition of cellular Fyn kinase (64) . Accordingly, we speculate that while spiropyrazolopyridone and BDAA, the only two NS4B inhibitors with a very narrow antiviral spectrum and demonstrated in vivo antiviral efficacy, may directly target NS4B protein; other NS4B inhibitors may disrupt NS4B function via targeting host cellular enzymes or other proteins that interact with NS4B or regulate NS4B function. The fact that the majority of drug resistance mutations map within the transmembrane domain of NS4B strongly suggests that interruption of the "intramembrane" interaction of NS4B with other viral and host membrane proteins might be the most important targets of the small molecular antiviral compounds. However, because the DENV TMD5, spanning the membrane from the ER lumen to the cytoplasm, may flip back to the ER lumen upon cleavage at its C terminus by NS2B/NS3 protease during polyprotein processing (53) , it is also possible that BDAA interacts with YFV NS4B to alter its membrane topology. In fact, proline is frequently observed as the first residue of a trans-membrane ␣ helix due to its conformational rigidity, whereas replacement with a glycine tends to disrupt the helical structure due to its high flexibility. Hence, the observed reduction of replication fitness of P219G YFV could be due to an altered membrane topology of pTMD5. Moreover, the strict requirement of P219 for the susceptibility of YFV to BDAA strongly suggests that YFV NS4B structural features conferred by this specific amino acid residue may favor BDAA binding. This hypothesis will be investigated in our future studies.
Traditionally, virus-encoded enzymes are primary antiviral targets (17, 69) . However, nonenzymatic viral structural and nonstructural proteins have been shown to be the targets of highly selective and potent antiviral agents over the last decade, as highlighted by FDA-approved HCV NS5A inhibitor as well as HCV NS4B inhibitors, and also HIV and HBV capsid inhibitors that are currently under development (70) (71) (72) . Among the flaviviral NS4B inhibitors, only spiropyrazolopyridone compound 14a was recently reported to significantly reduce the viremia of DENV-2 in an AG129 mice model when mice were treated with the inhibitor immediately after infection or when treatment was delayed for 48 h (63). Herein, we showed, for the first time, that an YFV NS4B inhibitor, BDAA, protected 90% of YFV-infected hamsters from death, significantly reduced viral load by greater than 2 logs, and attenuated virus infection-induced liver injury and body weight loss. We have thus proved the concept that NS4B is a viable antiviral target against YFV and we have reached a critical milestone toward the development of specific antiviral therapeutics for clinical management of yellow fever. In addition, potent and safe anti-YFV agents may also be used as prophylaxis means for nonimmunized residents and travelers during outbreaks in regions where YFV is endemic.
